Alkane monooxygenases and proton-exchanged zeolites are catalysts that have cavities within their molecular structure and a catalytic site for n-alkane conversion in the cavity. The effect of the spatial volume of the cavity in the catalysts and the molecular volume of the reacting molecules on the product selectivity in catalytic reactions was evaluated by analysis of the product selectivity in the oxidation of C4-C8 n-alkanes to alcohols by alkane monooxygenases, and in the cracking of n-pentane by proton-exchanged zeolites. The selectivity for production of the 2-hydroxyalkane enantiomer from n-alkanes depended on the cavity volume of the substrate binding site in the alkane monooxygenases. Further, the selectivity for ethane and propene in n-pentane cracking by protonexchanged zeolite also depended on the cavity volume of the zeolite. From these dependencies, we propose that product selectivity is expressed if the molecular volume of the reacting molecules or reaction intermediates is almost identical to the volume of the cavity in which the catalytic reactions proceed.
Introduction
Natural resources are the basis of many industries that are essential to convenient and comfortable modern life. However, despite the abundance of natural resources, there are inherent limitations, especially in the case of non-renewable resources. Sustainable use of these resources require efficient processes that selectively produce useful raw materials from natural resources. In particular, catalysts that express high product selectivity are important for such processes.
Product selectivity in catalytic reactions is achieved by specific orientation of the reacting molecule relative to the catalytic site. In other words, the catalyst should have the characteristic of molecular recognition. Regio-and enantio-selectivity for butanol isomers in the oxidation of n-butane ( Fig. 1) is here considered as an example. Butanol has two regioisomers, 1-butanol and 2-butanol. Furthermore, 2-butanol contains a chiral carbon resulting in two enantiomers, the R-form and the S-form. To obtain a specific butanol regioisomer, an oxygen atom must be inserted into one of the carbon _ hydrogen bonds at a specific carbon in n-butane. Therefore, to produce a specific butanol regioisomer, this specific carbon must be positioned close to the catalytic site as the n-butane molecule approaches the catalytic site. For instance, the C-2 and C-3 positions of n-butane should be close to the catalytic site for selective production of 2-butanol from n-butane. Moreover, to generate one enantiomer of 2-butanol, an oxygen atom must be inserted into a specific carbon _ hydrogen bond at the C-2 and C-3 positions of n-butane. Therefore, this specific carbon _ hydrogen bond should be oriented toward the catalytic site as the n-butane molecule approaches the catalytic site. For example, to selectively obtain (R)-2-butanol from n-butane, the pro-R hydrogen bonded to the C-2 and C-3 positions of n-butane should be positioned close to the catalytic site. To achieve such specific orientation of the carbon _ hydrogen bond toward the catalytic sites, the catalyst must recognize the orientation of the n-butane molecule.
Recognition of molecular orientation is based on the intermolecular forces between the two molecules, i.e., the recognizing molecule and the recognized molecule. In the case of catalysts, the reacting molecule is recognized by the molecular characteristics of the surface of the catalytic site. If the surfaces around the catalytic site and the reacting molecule have functional groups generating strong intermolecular forces, the catalyst can recognize the orientation of the reacting molecule via a few intermolecular forces, and can selectively convert the reacting molecule to a specific product. In con-trast, if the surface around the catalytic site and/or the reacting molecule possesses functional groups which generate very weak intermolecular forces, recognition of a reacting molecule by the catalyst is difficult to achieve. For instance, alkanes contain only carbon _ carbon bonds and carbon _ hydrogen bonds, so only weak intermolecular forces such as van der Waals forces are operative. To achieve selective conversion of a reacting molecule with weak intermolecular forces to a particular product, the intermolecular forces generated by the catalyst must act effectively.
A capsule-like supramolecule contain a cavity expressing molecular recognition ability 1) . Within the cavity, weak intermolecular interactions with alkane molecules can operate effectively. The molecular recognition ability is correlated with the cavity volume of the capsule-like molecule. High molecular recognition tends to occur if the molecular volume of the guest molecule matches the spatial cavity volume of the host molecule 2) . In other words, the intermolecular forces between the cavity surface of the host molecule and the guest molecule operate most effectively if the guest molecule occupies the cavity of the host molecule. This tendency implies that the molecular recognition ability can be controlled by the cavity volume of the host molecule, and the product selectivity in the catalytic reaction can be controlled by the cavity volume if the catalytic site is located within the cavity. Enzymes and zeolites are both types of catalysts that contain a cavity in their molecular structure, and their catalytic sites are located in the cavity. Therefore, the product selectivities of these catalysts in catalytic reactions may be influenced by the cavity volume of the catalysts and the molecular volume of the reacting molecules.
The present study tried to clarify the effect of the volumes of the cavity and of the reacting molecules on the product selectivity in catalytic reactions. To include only weak intermolecular forces acting on the reacting molecules, short chain n-alkanes were used as the reacting molecules.
Regio-and Enantio-selectivities for Alcohol Isomers Produced from n-Alkane by Alkane Monooxygenase
Alkane monooxygenase is an enzyme that produces alcohols selectively from n-alkanes at room temperature under atmospheric pressure 3) . The several types of alkane monooxygenases have different protein structures of the enzymes (Fig. 2) and different metal cofactors that bind to the enzyme in the catalytic site (Fig. 3) . On the other hand, these enzymes share the common feature of a cavity capable of enclosing the reacting molecules (substrate binding site) as shown in Fig. 3 . The shapes and cavity volumes of the substrate binding sites are different for each enzyme.
The concept that the cavity volume governs the recognition of a host molecule is particularly true for apolar binding processes, not only within a synthetic molecular capsule but also, in some cases, within an enzyme environment 4) . Thus, if alkane recognition by these enzymes is determined by the cavity volume, the selectivity for the regioisomer and enantiomer of the alcohols produced from n-alkanes should depend on the molecular volume of the n-alkane and the cavity volume of the substrate binding site in those enzymes. Therefore, our research has focused on evaluating the selectivity for alcohol isomers in the oxidation of n-alkane by copper-containing alkane monooxygenases. We previously reported n-alkane oxidation to alcohol by copper-containing methane monooxygenase (particulate methane monooxygenase: pMMO) 5) and ammonia monooxygenase 6) .
1. Copper-containing Methane Monooxygenase
Based on the crystal structure of pMMO, three metal sites have been proposed as the catalytic site of pMMO: the di-copper center 7), 8) , mono-copper center 9) , and tricopper center 10) . A possible substrate binding cavity is adjacent to each copper center 11) . However, the dicopper center (Fig. 4) is most likely to be the catalytic site because the recombinant protein of the pMMO subdomain containing only the di-copper center shows activity for oxidation of methane to methanol 8) . In addition, the chemistry of various model copper complexes and DFT calculations of the di-copper center of the pMMO active site suggest that a mixed-valent (µ-oxo) (µ-hydroxo) Cu . Methylosinus trichosporium OB3b and Methylococcus capsulatus (Bath) expressing pMMO (pMMO-Mt and pMMO-Mc, respectively) were prepared in accordance with previously reported methods 14) . n-Alkane oxidation reactions were carried out in 50 mM (1 M 1 mol L -1 ) phosphate buffer (pH 7.0) containing 1 mM duroquinol at 30 under atmospheric pressure. The products were extracted from the reaction mixture using dichloromethane and analyzed by gas chromatography (GC). The amounts of the products were determined by GC analysis using a TC-WAX column (30 m 0.25 mm i.d., 0.25 μm film thickness, GL Science) and a flame ionization detector. Furthermore, the 2-alcohol enantiomers were derivatized to the corresponding esters with trifluoroacetate and the enantioselectivities were determined by GC analysis using a Chiraldex G-TA column (20 m 0.25 mm i.d., 0.12 μm film thickness, Sigma-Aldrich) and a flame ionization detector.
Oxidation of n-butane by pMMO-Mc and pMMO-Mt produced only 2-butanol, and oxidation of n-pentane produced only 2-pentanol. These results indicate that the pMMO-Mc and pMMO-Mt selectively produce 2-hydroxyalkanes from n-butane and n-pentane. The regioselectivity indicates that the second carbons from the terminal of n-butane and n-pentane carbon chains is positioned close to the catalytic site during oxidation at the catalytic sites of pMMO-Mc and pMMO-Mt.
The R-forms were the major enantiomers of the 2-hydroxyalkanes produced from n-butane and npentane ( Table 1) ; 75 % of 2-butanol and 86 % of 2-pentanol were produced as R-form enantiomers. Thus, (R)-2-hydroxyalkanes were selectively produced from n-butane and n-pentane by pMMO-Mc and pMMO-Mt. The enantioselectivity indicates that the pro-R hydrogen at the second carbons from the terminal of n-butane and n-pentane carbon chains is positioned close to the catalytic site as shown in Fig. 5 . From the view point of molecular recognition, these monooxygenases can discriminate the pro-R hydrogen at the second carbons from the terminal of n-butane and npentane carbon chains.
According to prior reports 15) and our previous study 5) , pMMO-Mc and pMMO-Mt have the same substrate range and product selectivities, suggesting that the two pMMOs have similar protein structures around the catalytic site which are involved in the recognition of n-butane and n-pentane. However, the amino acid sequences and the crystal structures of pMMO-Mc and pMMO-Mt show some structural differences between the active sites ( Fig. 4) , although the overall shapes of the proteins are almost identical 16) . Therefore, the amino acid residues in the active site that control the orientation of n-butane and n-pentane are possibly conserved in the two pMMOs, and differences in the local 
Fig. 2 T h r e e -d i m e n s i o n a l P r o t e i n S t r u c t u r e s o f A l k a n e Monooxygenases
Gray area shows the protein molecule surface; balls shows the metal ions acting as the catalytic site.
(A) Copper-containing methane monooxygenase (pMMO), (B) ironcontaining methane monooxygenase (sMMO), (C) cytochrome P450 (from Bacillus megaterium).
Fig. 3 Cavity Structure of Substrate Binding Site in Alkane Monooxygenases
structures of the active site do not affect the orientation of n-butane and n-pentane. As shown in Table 1 , the selectivity of the two pMMOs for (R)-2-hydroxyalkanes increased with increased n-alkane chain length from four to five. The enhanced enantioselectivity for the (R)-2-hydroxyalkanes means that the ability of the two pMMOs to recognize the orientation of the C _ H bond at the second carbons from the terminal of n-alkane carbon chains gradually changed as the molecular size increased. The cavity volume of the substrate binding site in pMMO is about 0.14 nm 3 . n-Hexane was not oxidized by pMMO, indicating that the cavity volume cannot accommodate the n-hexane molecule (0.113 nm 3 ). Therefore, a npentane molecule (0.096 nm 3 ) spatially fills the cavity. The increase in enantioselectivity with higher carbon number from four to five suggests that the cavity volume of the substrate binding site in pMMO determines a) Amount of 2-hydroxyalkane produced over a reaction time of 10 min. b) Reactions were carried out in at least triplicate at 30 in 50 mM phosphate buffer (pH 7.0) containing 1.2 mM duroquinol, 4.5 g-wet cells L -1 whole cells, and n-butane or n-pentane. Initial concentrations of n-butane and n-pentane dissolved in the reaction mixture were 230 μM and 92 μM, respectively. The data are shown as the average of separate reactions. c) Defined as |R S|/(R S) 100, where R and S are the amounts of each enantiomer. The major enantiomer is shown in parentheses.
the position of second carbons from the terminal of nalkane carbon chains, and the orientation of the C _ H bond at the second carbons of n-alkanes relative to the catalytic site.
Ammonia Monooxygenase
Ammonia monooxygenase from Nitrosomonas europaea (AMO-Ne) is a protein member of the pMMO-Mc and pMMO-Mt family. AMO-Ne is involved in the physiological oxidation of ammonia to hydroxylamine 17) , which is different from the physiological activity of pMMO, but can oxidize some n-alkanes (including methane as non-growth substrates) to the corresponding alcohols 18) . AMO-Ne has a larger substrate range than the two pMMOs 18) ,19) as well as different selectivity for the regioisomers of alcohols produced from alkanes 18) , and for the enantiomers of epoxides produced from alkenes 20) . These results suggest that the substrate binding site of AMO-Ne has a spatially larger cavity and a different surface structure compared to the two pMMOs.
The structural differences between AMO-Ne and the two pMMOs could not be clarified because the crystal structure of AMO-Ne has not been elucidated. On the other hand, the high amino acid sequence homology between AMO-Ne and the two pMMOs (approximately 40 % identity and 65 % similarity) 21) suggests that these enzymes are evolutionarily related, and indicates that the tertiary and quaternary protein structures of these enzymes have high similarity. In addition, AMO-Ne contains copper ions like pMMO. The amino acid residues forming the copper binding sites in the two pMMOs are well-conserved in AMO-Ne, which suggests that the catalytic site of AMO-Ne is also a di-copper site as in the two pMMOs. Based on the high homology, we constructed a homology protein structure model of the substrate binding cavity in AMO-Ne based on the protein structure of pMMO-Mc 6) . The model structure of AMO-Ne is shown in Fig. 6 . According to the model structure, the shape and cavity volume of the substrate binding site differ from that of pMMO. The cavity of the substrate binding site in AMO-Ne can accommodate n-octane (0.147 nm 3 ), but not n-nonane (0.164 nm 3 ) 22) . The cavity of pMMOMc has two pockets around the bottom, indicated as Pkt-1 and Pkt-2 in Fig. 6(A) . The spatial volume of Pkt-2 is larger than that of Pkt-1. Substitution of an isoleucine residue for an alanine residue increases the volume of Pkt-1 because of the difference in the van der Waals volumes of the isoleucine residue and alanine residue (0.165 nm 3 and 0.090 nm 3 , respectively) 23) . Furthermore, substitution of a tryptophan residue for a histidine residue widens the entrance of the cavity. These structural changes are consistent with the differences in the substrate range of pMMO-Mc relative to that of AMO-Ne; AMO-Ne can oxidize larger substrates (such as aromatics) than pMMO-Mc, indicating that the homology model of AMO-Ne has a valid protein structure.
The differences in the local structure of these enzymes may also affect their ability to discriminate between the prochiral C _ H bonds at second carbons from the terminal of n-alkane carbon chains, which enables the enzyme to selectively generate a specific enantiomer of 2-hydroxyalkanes. Thus, we examined the selectivity of AMO-Ne for alcohol regioisomers and enantiomers in n-alkane oxidation. AMO-Ne was prepared in accordance with previously reported methods 6), 24) , and the oxidation of alkanes by AMO-Ne was performed as for pMMO.
Oxidation of C4 _ C8 n-alkanes formed only 1-and 2-hydroxyalkanes. As shown in Table 2 , the distribution of 1-and 2-hydroxyalkanes is dependent on the specific n-alkane, as reported previously 20) . Both 1-butanol and 2-butanol were produced from the oxidation of n-butane by AMO-Ne in whole cells. In the initial stage of n-butane oxidation, 82 % of the product was 2-butanol; the distribution of butanol regioisomers was almost constant during the reaction. Thus, AMONe in whole cells produces 2-butanol selectively from n-butane. In other words, n-butane oxidation proceeds predominantly when the C-2 and C-3 positions of nbutane are located close to the catalytic site of AMONe. On the other hand, both 1-pentanol and 2-pentanol were produced in the oxidation of n-pentane by AMONe, indicating that the oxidation reaction proceeded at the C-1, C-2, C-4, and C-5 positions of n-pentane. The major product of n-pentane oxidation was 1-pentanol; the selectivity for 1-pentanol was 74 %, and remained constant during the reaction. This regioselectivity indicates that oxidation of n-pentane proceeds predominantly when the C-1 and C-5 positions of n-pentane are located close to the catalytic site of AMO-Ne. 1-Hydroxyalkane was also the major product in the oxidation of n-hexane to hexanol; the selectivity for 1-hexanol was 74 %. However, 1-heptanol and 2-heptanol were produced in almost the same ratio in the oxidation of n-heptane. This regioselectivity indi-cates that the position of the carbon atom of the nalkane molecule relative to the catalytic site is strongly influenced by the chain length of the n-alkane. In the oxidation of n-alkane with manganese porphyrin, the position of oxidation could be changed by introducing bulky groups around the Mn center 25) . Therefore, the steric hindrance caused by the amino acid residues around the catalytic site presumably affects the position of the n-alkane relative to the catalytic site.
E i t h e r e n a n t i o m e r m a y p r e d o m i n a t e i n t h e 2-hydroxyalkanes generated from C4 _ C7 n-alkanes. For instance, 77 % of 2-butanol produced was the S-enantiomer, as shown in Table 2 . Thus, AMO-Ne shows some selectivity for (S)-2-butanol in n-butane oxidation. Such selectivity indicates that the pro-S hydrogen at the C-2 and C-3 positions of n-butane is preferably oriented toward the catalytic site within AMO-Ne. Furthermore, 62 % of the 2-pentanol produced was the S-enantiomer, which is consistent with the trend observed in n-butane oxidation. Thus, AMONe can also recognize the pro-S hydrogen at the C-2 and C-4 positions of n-pentane, although the selectivity is lower than that for n-butane. The enantioselectivity for (R)-2-hydroxyalkanes increased as the chain length of the n-alkanes increased from four to seven, consistent with the increase in the enantioselectivities of the two pMMOs for (R)-2-hydroxyalkanes as the n-alkane chain length increased from four to five, as discussed in section 2. 2. (see Table 1 ). The increased enantioselectivity for (R)-2-hydroxyalkane indicates that recognition of the orientation of the C _ H bond at second carbons from the terminal of n-alkane carbon chains gradually changed with higher molecular size. The cavity volume of the substrate binding site in AMO-Ne may determine the orientation of the C _ H bond of nalkanes relative to the catalytic site. However, essentially racemic 2-octanol was produced from n-octane ( Table 2 ). These distributions indicate that the ability of AMO-Ne to discriminate between the prochiral hydrogens at second carbons from the terminal of nalkanes varies according to the chain length.
3. Effect of Cavity Volume of Substrate Binding
Site on the Selectivity for 2-Hydroxyalkane Stereoisomer To evaluate the influence of the cavity volume on the selectivity for alcohol enantiomers, the selectivities of the copper-containing monooxygenases were plotted against the ratio of the volume of the reacting n-alkane molecule to the volume of the cavity in the enzyme (nalkane/cavity ratio). As mentioned in Section 2. 2., the selectivities for the alcohol regioisomers were not correlated with the n-alkane/cavity ratio. On the other hand, the selectivities for the 2-hydroxyalkane enantiomer were correlated with the n-alkane/cavity ratio as shown in Fig. 7 . Higher n-alkane/cavity ratio of about 0.6 resulted in high selectivity for either enantiomer. In other words, the n-alkane molecule was recognized at the substrate binding site of the enzyme. On the other hand, selectivity for the 2-hydroxyalkane enantiomers was low if the volume of the n-alkane molecule was sufficiently smaller than the cavity volume. In other words, the n-alkane recognition ability of the enzyme substrate binding site was low. Under the conditions of n-alkane/cavity ratio greater than 0.6, pMMO expressed higher selectivity whereas AMO-Ne showed almost no selectivity.
This tendency could also be observed in the preliminary analysis of n-alkane oxidation by iron-containing methane monooxygenase (sMMO). The sMMOpromoted oxidation proceeded at the di-nuclear iron center in the hydroxylase component. The cavity of the substrate binding site is adjacent to the di-iron center based on a crystallographic study of sMMO with alcohol 26) . The cavity has a volume of 0.185-0.225 nm 3 , which is adequate to accommodate the non-growth substrates of sMMO, such as C2-C8 n-alkanes 26),27) ; nalkane oxidation proceeded in the cavity. The distribution of the S-form enantiomer of 2-hydroxyalkane increased with higher carbon-number of the reacting nalkane from four to seven. The enhanced enantioselectivity for the (S)-2-hydroxyalkane indicates that recognition of the orientation of the C _ H bond at second carbons from the terminal of n-alkane carbon chains gradually changed with larger molecular size. Low selectivity for the 2-octanol enantiomer from noctane indicates absence of molecular recognition. The reduced molecular recognition is probably due to the change in the protein structure of the enzyme, as the volume of the reacting molecule is almost the same as that of the enzyme cavity.
Based on a study of a synthetic molecular capsule, the orientation of the n-alkane inside the capsule is recognized if the n-alkane "fits" into the cavity of the capsule like a fluid 2) . The surface inside the molecular capsule interacts with the carbon _ hydrogen bonds of the n-alkane via weak intermolecular forces, causing the capsule to recognize the n-alkane molecule. The recognition mechanism of the n-alkane in the small space of the cavity may be distinct from the "induced- n-Alkane/cavity ratio is calculated by dividing the molecular volume of n-alkane with the spatial volume of cavity in the enzyme.
: selectivity of pMMO-Mc and pMMO-Mt for R-form 2-hydroxyalkane;
: selectivity of AMO-Ne for R-form 2-hydroxyalkane; : selectivity of sMMO for S-form 2-hydroxyalkane. Fig. 7 Effect of the Volume of the Substrate Binding Cavity of the A l k a n e M o n o o x y g e n a s e o n t h e S e l e c t i v i t y f o r 2-Hydroxyalkane Enantiomer from n-Alkane fit" model 28) used to explain the enzymatic recognition mechanism in previous studies.
Effect of Zeolite Pore Cavity Volume on Product Selectivity in Alkane Conversion
Section 2. demonstrated that the cavity volume of the substrate binding site in the enzyme adjacent to the catalytic site is a key molecular structural factor for expressing the selectivity for alcohol enantiomers generated from n-alkanes. The cavity volume is a geometrical factor. Thus, if the cavity volume is important for the expression of product selectivity, expression of such volume-dependent product selectivity would not be limited to enzymes. Thus, we examined the effect of cavity volume on product selectivity in alkane cracking by zeolites.
The cracking of alkanes by solid acid catalysts, such as proton-exchanged zeolites, proceeds via two mechan i s m s : o n e i nvo l v i n g a c a r b e n i u m i o n s p e c i e s (Mechanism-1), and the other based on the formation of pentacoordinated carbonium ions 29)
. In Mechanism-1, the hydride transfer reaction becomes significant in alkane activation at high conversion, and alkenes accumulate in the system. In Mechanism-2, the reaction proceeds through protonation (protolysis) of the covalent C _ C single bond, whereas protolysis of the C _ H bond leads to pentacoordinated carbonium ion intermediates, with subsequent production of hydrogen and concomitant formation of trivalent carbenium ions. Thus, direct C _ C and C _ H bond cleavage are the initial processes of the cracking reactions of lower alkanes. For example, in the conversion of n-pentane under low pressure, the primary reactions to generate methane, ethane, propane, and hydrogen, along with butyl, propyl, ethyl, and pentyl carbenium ions, involve activation of n-pentane via carbonium ion intermediates, as expressed by reactions (1)- (4) in Fig. 8 .
To investigate the dependence of the catalytic performance on the pore structure of the zeolite, conversion of n-pentane was carried out using various zeolites at 823 K with 10.1 kPa of n-pentane 30) . Various zeolites with 10-and 12-membered rings (Table 3) were hydrothermally synthesized using various structuredirecting agents 30) , and used as catalysts. The product selectivities were examined over a wide range of conversion values from zero to about 90 %. The catalytic activity and product selectivity strongly depended on the type of zeolite, and the product selectivities over various zeolites depended on the n-pentane conversion. However, the primary reactions for all zeolites presumably proceeded via Mechanism-2. Therefore, by extrapolating the selectivity versus conversion curves to zero conversion, the primary products were identified as methane, ethane, propane, ethene, propene, butenes, pentenes, and hydrogen for all zeolites examined. The selectivities for the produced hydrocarbons are expressed as the number of moles of product formed per 100 moles of n-pentane converted. The selectivity ratio of alkenes to alkanes and hydrogen over each zeolite was almost equal to 1.3-1.5 ; these values are larger than 1.0, suggesting that the alkenes formed by the primary reactions as described by reactions (1)- (4) in Fig. 8 , are further converted to other alkenes.
To examine the effect of the zeolite cavity volume on the selectivity for the primary products, the selectivities for pairs of alkanes or hydrogen and alkene were plotted against the cavity volume. We defined Di (nm) as the diameter of the largest sphere that can be included in the zeolite framework; the spatial volume of the zeolite cavity was estimated from the formula (4/3) π (Di/2) 3 . The shape of a zeolite cavity is zeolitedependent. The largest sphere that can be accommodated in the zeolite framework was reported previously 31),32) . The selectivities for reactions (1)-(4) in Fig. 8 were influenced by the cavity volume of the zeolite. The selectivities were almost constant for a zeolite cavity with a large spatial volume (from 0.3 to 0.8 nm ). The selectivities for ethane and propene were higher than the selectivities for other product pairs. On the other hand, the selectivities for ethane and propene (produced via Eq. (2)) simultaneously increased with volume of the zeolite cavity less than 0.3 nm 3 (Fig. 8) , and the selectivities for hydrogen and pentane, methane and butenes, and propane and ethene decreased slightly (data provided in Ref. 30) ). These variations were smaller than those of the selectivities for ethane and propene. These results show that the selectivities for the primary reactions expressed by reactions (1)-(4) in Fig. 8 depend on the cavity volume of the zeolite, and the primary reaction (2) in Fig. 8 is most strongly influenced by the volume of the zeolite cavity.
The volume of the pentyl carbonium ions was calculated to be about 0.12 nm 3 . For a cavity volume of around 0.12 nm 3 , the selectivities for ethane and propene were high using zeolites with both 10-and 12-membered rings (Fig. 9) . If the volume of the zeolite cavity was almost same as that of the carbonium ions, the interaction of the carbonium ions with the wall of the zeolite cavity was probably optimized. The increased selectivities for ethane and propene imply that optimization of the interaction, stabilizes a specific reaction intermediate (the carbonium ions in reaction (2) in Fig. 8 ) to a greater extent in the zeolite cavity than other reaction intermediates (carbonium ions in reactions (1), (3), and (4) in Fig. 8) .
The selectivities for alkenes, hydrogen, and alkanes in the primary reactions (i.e., the protolysis reactions) for n-pentane cracking were not correlated with the turn over frequencies (TOFs) of the zeolites with both 10-membered rings and 12-membered rings 30) . The TOF is a measure of the acid strength. This result indicates that the primary product selectivities did not depend on the acid strength, so that factors other than the acid strength determine the primary product selectivities. Furthermore, the primary product selectivities were not determined by the entrance pore diameter of the zeolite (dmax) 32) .
Summary
Analysis of the product selectivity suggested that alkane conversion proceeded in the cavity of alkane monooygenases and proton-exchanged zeolites. We : Ethane, 10-membered ring zeolite; : ethane, 10-membered ring zeolite; : propene, 10-membered ring zeolite; : propene, 12-membered ring zeolite. Numbers shown in the figure correspond to the catalyst numbers in Table 3 . Reaction conditions: reaction temperature 823 K; n-pentane pressure 10.1 kPa.
Fig. 9 Selectivities for Ethane and Propene in the Primary Reaction
Plotted against the Cavity Volume of the Zeolite propose that product selectivity is optimized if the molecular volume of the reacting molecules or reaction intermediates is almost identical to the volume of the cavity in which the catalytic reactions proceed. This concept is common to zeolites and enzymes, implying that the concept can be generally applied to catalysts with a cavity structure. Furthermore, this concept can also be applied to the conversion of alkanes as well as other molecules where only weak intramolecular forces are operative, such as in the conversion of alkenes. We previously reported that the cavity volume is a determining factor of the selectivity for propene in olefin conversion catalyzed by proton-exchanged zeolites 33) . Based on the present concept of product selectivity expression the optimum catalyst for a requisite reaction can be selected using the volumes of the catalyst cavity and the reacting molecule as indicators. However, the underlying reason controlling the high molecular recognition achieved by matching of the volume of the cavity with the volume of the reacting molecules or reaction intermediate remains unknown. If this mechanism can be elucidated, high selectivity of the catalyst can be achieved for any required product.
The proposed concept is applicable to zeolites and enzymes as well as other catalysts with a cavity structure. In recent years, synthetic techniques for developing new materials containing cavity structures such as supramolecular compounds, metal-organic frameworks (MOF), and recombinant proteins and their crystals has advanced remarkably. Also, the speed of computer calculations and quantum chemistry calculations has developed significantly, allowing rapid and precise calculations for large and complex molecules. Combining these molecular construction techniques and quantum chemical calculation methods with the present concept may provide a route for establishing catalysts that exhibit high selectivity in catalytic reactions.
